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Abstract

Muscle function is essential for generating force and movement, with stretch—shortening cycles (SSCs) playing a fundamental
role in the economy of everyday locomotion. Compared with pure shortening contractions, the SSC effect is characterised by
increased force, work, and power output during the SSC shortening phase. Few studies have investigated whether SSC effects
transfer across consecutive SSCs. Therefore, we investigated SSC effects over three consecutive SSCs in skinned rat muscle
fibres by analysing the isometric force immediately before stretch onset (£, the peak force at the end of stretching (Fi,,),
and the minimum force at the end of shortening (F;,), along with mechanical (Workgg-) and shortening work (Workgy)
at different activation levels (20%, 60%, and 100%). Each SSC was followed by an isometric hold phase, allowing force to
return to a steady state. Results indicated an increase in both Fc, (20.3%) and Workgg (60.9%) from SSC1 to SSC3 across
all activation levels tested. At 20% and 60% activation, F ., Fp,, and Workgy increased (range: 4.5-28.5%) from SSC1
to SSC3. However, at 100% activation, F . and Workgyo remained unchanged, while F;, decreased (—8.5%) from SSC1
to SSC3. These results suggest that the increase in SSC effects at submaximal activation may be primarily due to increased
cross-bridge forces. The absence of increases in F,.(, Fiyip, and Workgyg at 100% activation suggests that increases in F,

and Workgg- may not be attributed to increased cross-bridge force but could instead be caused by additional effects, possibly
involving modulation of non-cross-bridge structures, likely titin, and their stiffness.

Keywords Stretch—shortening cycle - History dependence - Isometric contraction phase - Muscle stretching - Performance
enhancement - Mechanosensing

Introduction

Muscle function is a complex interplay of biochemical and
biomechanical processes that enable force generation and
movement. Among the countless mechanisms that modulate
muscle force, the stretch—shortening cycle (SSC) stands out
as a fundamental contraction type [17, 56, 88, 89] with pro-
found implications for athletic performance, everyday loco-
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motion, rehabilitation, and injury prevention [57, 100, 105].
The SSC, characterised by an active muscle stretch followed
by an immediate shortening contraction [17], underlies a
variety of dynamic movements in sports and everyday activi-
ties such as jumping, running, and walking [56, 75].
Previous studies on SSCs reported a performance
enhancement known as the SSC effect during the SSC
shortening phase compared with a pure shortening con-
traction. This SSC effect leads to significantly increased
force, work, and power output [9, 17, 34, 97, 99] follow-
ing active stretches and is often associated with improved
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energy efficiency and reduced metabolic cost compared
with pure shortening contractions [17, 47].

The underlying mechanisms responsible for the SSC
effect remain a subject of debate [32, 87]. Explanations for
the SSC effect focused on altered neuromuscular activation
[8], stretch-reflex responses [23], or elastic recoil from
serial elastic tissues [48, 53]. These theories, however,
have been challenged by findings that demonstrate the SSC
effect at the level of isolated muscle fibres, where none of
the mentioned mechanisms can account for the observed
effects [17, 28, 44, 97].

As a consequence, approaches that model muscle force
at the cellular level beyond the known force—length [33]
and force—velocity dependencies [49] need to be explored
and discussed. This involves the history-dependency of
muscle force, including residual force enhancement fol-
lowing active muscle lengthening and residual force
depression following active muscle shortening [1]. There
is experimental [24, 97] and modelling [77, 83, 86] evi-
dence that suggests that residual force enhancement is
induced by a calcium-dependent parallel elastic element
within the sarcomere (titin), modifying its stiffness upon
activation during lengthening. The spring-like protein titin
is implicated, but it has proven difficult to study its func-
tion directly. Residual force depression presumably results
from inhibited cross-bridge attachments [69] or a contribu-
tion of the activation-dependent titin-actin interaction dur-
ing muscle shortening [83, 86, 93]. Both history-depend-
ent effects (residual force enhancement and residual force
depression) occur under maximal and submaximal condi-
tions, with lengthening-induced residual force enhance-
ment and shortening-induced residual force depression
being differentially affected by submaximal activation,
suggesting distinct underlying mechanisms [71]. Skeletal
muscle titin is known to become stiffer upon muscle acti-
vation in the presence of Ca?* (calcium-responsive) [58].
More important, however, is the property of skeletal mus-
cle titin to significantly reduce its persistence length upon
activation (by potential titin-actin interactions) and thus
to produce increased forces during subsequent stretching
[24, 52, 54, 58, 93]. Especially in the last decade, a series
of SSC studies focused on the history-dependent prop-
erties of stretch-induced force enhancement, emphasis-
ing the roles of cross-bridge dynamics, non-cross-bridge
structures, and residual force enhancement in SSC per-
formance, providing strong support for their relevance in
SSCs [29, 30, 37, 97]. History-dependent effects influence
the transient phases of stretch and shortening (e.g. [18,
79]) as well as the force following these contractions (e.g.
[89, 99]). Consequently, these effects likely play a role in
SSC transitions, affecting both individual and consecutive
SSCs, as the isometric force before and after each SSC in
a series of consecutive SSCs is expected to differ.
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In addition to these findings, recent investigations have
proposed that cross-bridge force is not solely controlled by
calcium activation of the actin-containing thin filament but
rather by a dual process that also involves activation of the
myosin-containing thick filament as well [10, 50, 64, 68].
X-ray diffraction studies of actively contracting skeletal mus-
cles have revealed that myosin filaments can exist in multi-
ple states [10, 64, 74], defined by the conformation of their
myosin heads. Myosin heads can adopt two structural states:
the ‘ON’ state or the ‘OFF’ state. In the ON state, myosin
heads are positioned away from the thick filament backbone
and thus able to bind to thin filaments during contraction.
Conversely, in the OFF state, myosin heads are docked near
the thick filament backbone in quasi-helical arrangements,
which prevent them from interacting with actin [20, 50, 70].
Alongside the ‘ON’ and ‘OFF’ states, myosin heads transi-
tion along a spectrum between these two states, with their
propensity to form cross-bridges upon activation depending
on their position within this range. It is assumed that various
physiological and biomechanical factors regulate these states
and transitions [41, 74]. During the SSC, changes in the
underlying ON/OFF states of myosin heads could occur [41,
74], leading to variations in cross-bridge formation, which
may influence the SSC effect.

While previous research focused on single SSCs to char-
acterise the SSC effect and its underpinning mechanisms
during one cycle, real-world activities often involve multiple
consecutive SSCs. For instance, activities like strength train-
ing or sports such as alpine skiing require continuous muscle
activation over multiple consecutive SSCs [7, 19]. However,
there is limited understanding of how the SSC effect devel-
ops over a sequence of cycles and whether history-dependent
effects accumulate over time.

Studies on isolated muscles and muscle fibres with sus-
tained activation across multiple SSCs indicate that the delay
between individual SSCs (c.f. Figure 1B), during which the
fibres contract isometrically, affects the force response [3,
13, 14, 44, 61]. A longer delay between SSCs with continu-
ous activation allows the muscle to redevelop force to an
isometric steady state after the active shortening phase of
each SSC. This phenomenon is known as force redevelop-
ment (see Fig. 1A). To better investigate how SSC effects
change across consecutive SSCs, our study focused on using
a delay (~ 15 s), which ensures that each SSC begins from
an isometric steady state and thus under comparable condi-
tions [14]. In particular, this study analysed forces imme-
diately before stretch onset of an SSC (F ., at the end of
the SSC stretching phase (F ), and at the end of the SSC
shortening phase (F,;,) (refer to Fig. 1A), as well as work
output including both the absolute work of the entire SSC
(Workggc) and the work during the shortening phase of the
SSC (Workgy) (refer to Fig. 3). Changes in force and work
parameters were examined across three consecutive SSCs
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Fig. 1 Exemplary dataset of force-time and length—time traces for an
activated muscle fibre. A Normalised force (F/F) over time (s) of a
single-skinned extensor digitorum longus (EDL) muscle fibre at three
different activation levels. Activation levels are indicated by different
colours: 100% (black), 60% (red), and 20% (blue) of maximum acti-
vation. Three stretch—shortening cycles (SSCs) were performed dur-
ing one continuous activation period. The fibres were activated at sec-
ond 0 and remained active for ~96 s until shortly after the third SSC.
Each SSC consisted of a stretch and a shortening phase with a stretch
amplitude of 0.18 L and a stretch velocity of 1% v,,,.. The isometric
contraction phase between two cycles is of the same duration as one

at three different activation levels (20%, 60%, and 100% of
maximum activation). Given that Campbell and Moss [14]
applied longer fixed-end contractions between two consecu-
tive SSCs, leading to increased F, . and F., values, and
Andersen et al. [5] reported a similar increase in Fj,,, under
comparable conditions, we expected to observe a similar
behaviour in our study. Specifically, we expected a cumu-
lative effect for fixed-end contractions and SSCs of equal
duration, with both force and work progressively increasing
with each SSC across all activation levels tested.

Methods
Animal and tissue preparation
Extensor digitorum longus (EDL) muscles were harvested

from three male Wistar rats (8—10 months old, 300-350
g) maintained under a 12-h light/dark cycle at 22 °C. The

50 60 70 80 90 100

Time [s]

SSC. Steady-state force (F . grey shaded 0.1-s interval, see zoom
in) at the end of an isometric contraction phase, peak force (Fpey,
black ‘v’) at the end of the SSC lengthening phase, and minimum
force (F;,, black ‘A’) at the end of the SSC shortening phase were
marked for all SSCs in (A) and additionally labelled for the first SSC.
Force redevelopment describes the force recovery in the isometric
contraction phase that follows the shortening phase and is indicated
after the first SSC for 100% activation. B Normalised length (L/L)
time traces of the performed SSCs. The delay describes the duration
of isometric contraction between two individual SSCs

animals were euthanised using a CO, overdose. Our pro-
cedures adhered to the standards of ARRIVE guidelines
and were approved under the German animal protection
law (Tierschutzgesetz, §4 (3); Permit No. T 201/21 ST).

EDL muscles, extracted from the three left hind limbs,
were processed following the protocol described by
Tomalka et al. [96, 98]. Briefly, muscle fibres (n= 24)
were dissected, permeabilised in a skinning solution (see
below), and then stored in a 50/50 glycerol-skinning solu-
tion mixture at —20 °C for 6-8 weeks. On experimenta-
tion days, single fibres were dissected under a dissecting
microscope using fine forceps. Then, muscle fibres were
cut to a length of 1.02 +0.15 mm and clamped on both
sides with aluminium foil T-shaped clips. To ensure com-
plete removal of internal fibre membranes, we treated the
fibre preparations with a Triton X-100 enriched skinning
solution (1% vol/vol Triton X-100 in relaxation solution)
for approximately 2—3 min at 4 °C.
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Solutions

The relaxing solution contained (in mM) 100 TES, 7.7
MgCl,, 5.44 Na,ATP, 25 EGTA, 19.11 Na,CP, and 10 glu-
tathione (GLH) (pCa 9.0). The preactivating solution con-
tained (in mM) 100 TES, 6.93 MgCl,, 5.45 Na,ATP, 0.1
EGTA, 19.49 Na,CP, 10 GLH, and 24.9 1,6-diaminohexane-
N,N,N',N'-tetraacetic acid (HDTA). The activating solu-
tion contained 100 TES, 6.76 MgCl,, 5.46 Na,ATP, 19.49
Na,CP, 10 GLH, and 25 CaEGTA (pCa 4.5), and the skin-
ning solution contained 170 potassium propionate, 2.5
MgCl,, 2.5 Na,ATP, 5 EGTA, 10 imidazole, and 0.2 PMSF.
The storage solution is the same as the skinning solution,
except for the presence of 10 mM GLH and 50% glycerol
(vol/vol). Cysteine and cysteine/serine protease inhibitors
(trans-epoxysuccinyl-L leucylamido-(4-guanidino) butane,
E-64, 10 mM; leupeptin, 20 ug-mL~") were added to all solu-
tions to preserve lattice proteins and thus sarcomere homo-
geneity [65, 96], thereby minimising changes in regional
variations in sarcomere length [94]. pH (adjusted with potas-
sium hydroxide) was 7.1 at 12 °C. Subsequently, all solu-
tions, except for the skinning and storage solutions, were
supplemented with 450 U-mL~! of creatine kinase (CK) on
the experimental day. The CK used in these experiments was
sourced from Roche (Mannheim, Germany). As for the other
chemicals utilised in our study, they were procured from
Sigma (St. Louis, MO, USA). The solutions used throughout
the experiments were identical to those described in Linari
et al. [65].

Experimental setup

Initially, muscle fibres were transitioned from the skin-
ning solution to the experimental chamber of the fibre-test
apparatus (Model 1400 A, Aurora Scientific, Canada). Sub-
sequently, the fibre-clip assembly was secured to both a
force transducer (Model 403 A, Aurora Scientific, Ontario,
Canada) and a length controller (Model 322 C-I, Aurora
Scientific, Ontario, Canada). This apparatus was then posi-
tioned on the x—y moving stage of an inverted microscope
(Eclipse Ti-S, Nikon, Japan) for detailed observation and
manipulation. To ensure stability and optimal mechanical
performance during experiments, the T-clips were securely
adhered to the hooks of the force transducer and length con-
troller using fingernail polish, diluted with acetone.
Measurements of sarcomere length were carried out in
the central segment of each fibre. The optimal sarcomere
length, at which the fibre produces maximum force (F}),
was determined to be 2.5 +0.05 um (mean =+ standard devia-
tion) in passive state [92, 96]. This length was referred to as
optimal length (L,,). For precise morphological analysis,
both the width (w) and height (%) of the fibres were gauged
at intervals of 0.1 mm. The fibres’ cross-sectional area,
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assuming an elliptical shape, was calculated as 7 X h X w/4
and was found to be 0.0043 +0.0017 mm?.

Experimental protocol

All skinned fibre experiments were conducted at a constant
solution temperature of 12 +0.1 °C, as this temperature
provided stability for the fibres during active lengthening
and prolonged activations [81, 82]. The activation of fibres
involved three steps in the presence of ATP.

(1) During preactivation, fibres were immersed in a pre-
activating solution (pCa 9.0) for 60 s for equilibration. (2)
The fibres were then transferred to an activation solution,
leading to a rapid increase in force until a stable steady-state
plateau was reached. After an initial isometric contraction of
18 s, three SSCs were performed (Fig. 1). Activation levels
during step (2) were 20% (pCa 6.34), 60% (pCa 6.08), and
100% (pCa 4.45) of activation [6]. (3) Lastly, the fibres were
immersed in a relaxing solution (pCa 9.0) for at least 420 s.

The experimental protocol consisted of performing two
fixed-end contractions both before and after three SSC sets,
adding up to a total of 7 activations per fibre. First, a fixed-
end reference contraction (100% activation) was conducted
at 1.0 L, followed by a second fixed-end contraction (100%
activation) at 0.82 L. Afterwards, three sets of SSCs were
performed, each set under a different activation condition
(20%, 60%, or 100% activation). The order of the SSC sets
at different activation levels (20%, 60%, or 100% activation)
was randomised to prevent systematic effects of fatigue on
the force parameters. Each SSC set involved three consecu-
tive SSCs that were separated by an isometric hold phase (to
reach a steady-state force before each SSC onset) (Fig. 1).
SSCs were conducted from 0.82 to 1.0 back to 0.82 L,
(see Fig. 1), which is within the typical rat EDL muscle
working range [12]. The SSCs were conducted at 1% of the
maximum shortening velocity (v,,,,) in accordance with
Weidner et al. [103, 104]. The activation process for a SSC
set began after the fibre length was passively set to 0.82
Ly The fibres were continuously activated throughout the
entire three SSCs within a set, including the isometric hold
phases. An isometric hold phase between SSCs was of the
same duration as one SSC itself (which is approximately
14.9s5) (Fig. 1).

Once the three sets of SSC contractions were completed,
two fixed-end contractions were repeated in reversed order,
first at 0.82 L, then at 1.0 L. The steady-state forces
measured during the reference contractions at 1.0 L, were
averaged and used to normalise the force data for that spe-
cific fibre. During activation of the fixed-end reference con-
tractions, sarcomere length decreased from 2.49 +0.04 um
in the passive state to 2.21 +0.17 um in the active state. In
our experiments, isometric force in successive activations
decreased at an average rate of 2.79 +0.91% per activation,
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up to a maximum of 7 activations per fibre. This rate of
force loss agrees with other studies under similar conditions
[21, 96], indicating consistent preparation routines and fibre
functionality.

Data processing and statistics

Data acquisition involved the recording of force, the position
of the length controller, and solution temperature at a sam-
pling rate of 1000 Hz using an A/D interface (604 A, Aurora
Scientific, Canada) and real-time software (600 A, Aurora
Scientific). Subsequent data analysis was performed using a
custom-written MATLAB (v2023b; MathWorks, Natick,
MA, USA) script and Excel (v1808; Microsoft Corporation,
Redmond, WA, USA). Maximum muscle force (F/F) and
optimal fibre length (L/L,) were normalised to each fibre.
The shortening velocity was normalised to the muscle-spe-
cific maximum shortening velocity (v/v,,,,). The v, of
skinned EDL muscle fibres was determined to be 2.42 +0.08
Loy s~ in a separate set of fibres (n= 5 fibres) at 100% acti-
vation (pCa 4.5), following the methodology of Tomalka
et al. [98] and supported by literature data [22, 96]. Forces
immediately before stretch onset (F,,) at the end of the
isometric steady state (Fig. 1) were calculated as the mean
force of a 0.1-s interval. For each SSC, peak forces at the end
of stretching (F,,\) and minimum forces at the end of short-
ening (F,,;,) were determined as the highest and lowest val-
ues, respectively, within an SSC interval (Fig. 1), using the
MATLAB functions ‘max’ and ‘min’. F .., Fpeqe and Fyy
were normalised to F,. Mechanical work during shortening
(Workgyo; c.f. Figure 3B) was defined as the ‘positive work’
performed during the active shortening phase of the SSC.
Mechanical work during the SSC (Workgg(; c.f. Figure 3B)
was determined by subtracting Workgy from the absolute
amount of work during lengthening. Workgg- corresponds
to the area within the work loop. Work is numerically
accomplished by integrating the force over the length of the
fibre using the trapezoidal method, implemented through the
MATLARB function ‘trapz’. Unless stated otherwise, work is
expressed in normalised values ( [F/FyX AL/L). To examine
changes in a parameter (e.g. Fj,.,) between SSCs at a given
calcium concentration, we calculated the differences
between mean values, expressed as (F ..« ssc3 — FpeakBSCl)

Freak_ssc3=Fpeak_sscl (%
Zpeak_SSC3 7 peak_SSC1. A
Focak_ssci

F,]. Similar calculations were performed for the remaining
parameters. Data sets within an interquartile range of 3 were
used for evaluation. Statistics for 60% and 100% activation
were built on 24 individual muscle fibres. For 20% activa-
tion, only 22 of the 24 fibres were used for statistical analy-
sis, since two fibres were immersed in the incorrect activat-
ing solution. Mauchly tests were conducted to ensure
sphericity. Related QQ plots are available in the

[F,l, and the relative differences as Z

Supplementary Information (Fig. S3). Repeated measures
(RM) ANOVAs were calculated to test whether Fe, Fpears
F i Workggc, or Workgy differed between the three SSCs
within each activation level. Each RM ANOVA was cor-
rected with a Greenhouse—Geisser adjustment if sphericity
was not given. When ANOVAs revealed significant differ-
ences, post hoc analyses were performed with pairwise com-
parisons between groups. Exact p-values were reported for
interpretation of the data. Statistical analyses were per-
formed using SPSS version 29 (IBM Corp., Armonk, NY,
USA), with the significance level set at p= 0.05. Figures and
tables were created using MATLAB (v2023b; MathWorks,
Natick, MA, USA), Excel (v1808; Microsoft Corporation,
Redmond, WA, USA), and Inkscape (v1.3.2; Inkscape Pro-
ject, Brooklyn, NY, USA).

Results

Tested muscle fibres (n = 24) generated a maximum isomet-
ric stress of 78.2 +20.8 kN-m™ at optimal length and full
activation. Active muscle stretches led to instantaneously
increasing forces, resulting in a distinct force peak at the
end of the stretch (Fig. 1, F.,). During the SSC shortening
phase, the fibre was returned to its starting length, and force
fell to a local minimum (Fig. 1, F;;;,). As soon as shortening
ceased, force redeveloped as expected during the isomet-
ric phase in between the cycles, leading to a steady state
(Fig. 1, F,,.) upon the initiation of the subsequent cycle.
On average, F and F., were 15.7% F and 28.1% F, at
20% activation, 57.5% F and 107.5% F at 60% activation,
and 87.6% F,, and 189.7% F, at 100% activation. Detailed
descriptive and statistical analysis of F F F

onset> © peak®
Workggc, and Workgyq are summarised in Tables 1 and 2.

min’

Changesin F
Repeated measures ANOVA showed differences in F .,
between SSCs for 20% activation (n= 22) [F(1.09, 22.80)
=60.57, p< 0.001]. Post hoc analysis revealed that F_ .,
increased from SSC1 to SSC2 (+ 22.0%, p < 0.001), from
SSC2 to SSC3 (+ 6.6%, p< 0.001), and from SSC1 to SSC3
(+ 28.5%, p< 0.001) (Fig. 2A, Table 1). Similar differences
in F, . were attained for 60% activation (n= 24) [F(1.05,
24.12) =67.78, p < 0.001]. Pairwise comparisons indicated
that F, ., increased by 17.5% (p < 0.001) from SSC1 to
SSC2, by 3.0% (p < 0.001) from SSC2 to SSC3, and by
20.4% (p < 0.001) from SSC1 to SSC3 (Fig. 2B, Table 1).
In contrast, F, . remained unchanged over the three SSCs
for 100% activation, as indicated by the RM ANOVA (n=
24) [F(1.06, 24.30) =3.52, p=0.071] (Fig. 2C, Table 1).
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Table 1 Descriptive statistics and pairwise comparison of onset force (F,,), peak force (Fp,), and minimum force (£,

). For F_ . at 100%

min

activation, ANOVA did not indicate a significant main effect. Consequently, no post hoc tests were performed, and p-values are not reported

Activation (%) Cycle Descriptive statistics Comparison of Pairwise comparison p-values
Differences of mean 95% confidence interval
values of the difference
Mean SD Total Relative Lower Upper
Onset force (F ) (F onset! F o) (Fy) (%)
20 SSC1 0.134 0.069 SSC1 —SSC2 0.029 22.0 0.022 0.037 < 0.001
20 SSC2 0.164 0.076 SSC2 —SSC3 0.009 6.6 0.005 0.013 < 0.001
20 SSC3 0.172 0.079 SSC1 — SSC3 0.038 28.5 0.028 0.049 < 0.001
60 SSC1 0.512 0.131 SSC1 — SSC2 0.089 17.5 0.068 0.111 < 0.001
60 SScC2 0.601 0.142 SSC2 — SSC3 0.015 3.0 0.009 0.022 < 0.001
60 SSC3 0.617 0.139 SSC1 — SSC3 0.105 20.4 0.078 0.131 < 0.001
100 SSC1 0.869 0.083 SSC1 — SSC2 0.025 2.9 — — —
100 SSc2 0.894 0.094 SSC2 — SSC3 —0.027 -3.1 — — —
100 SSC3 0.867 0.102 SSC1 — SSC3 —0.002 -03 — — —
Peak force (F lJeak) (F. peak/F ) (Fy) (%)
20 SSC1 0.261 0.094 SSC1 —SSC2 0.026 10.1 0.017 0.035 < 0.001
20 SSC2 0.288 0.101 SSC2 — SSC3 0.007 2.6 0.003 0.010 < 0.001
20 SSC3 0.294 0.103 SSC1 — SSC3 0.033 12.7 0.021 0.045 < 0.001
60 SSC1 0.922 0.227 SSC1 —SSC2 0.182 19.7 0.148 0.216 < 0.001
60 SSC2 1.104 0.278 SSC2 — SSC3 0.097 10.6 0.073 0.122 < 0.001
60 SSC3 1.201 0.313 SSC1 — SSC3 0.279 30.3 0.223 0.335 < 0.001
100 SSC1 1.721 0.320 SSC1 — SSC2 0.218 12.7 0.164 0.273 < 0.001
100 SSc2 1.939 0.436 SSC2 — SSC3 0.092 53 0.064 0.120 < 0.001
100 SSC3 2.031 0.496 SSC1 — SSC3 0.310 18.0 0.228 0.392 < 0.001
Minimum force (F,,) (Fnin/F o) (Fy) (%)
20 SSC1 0.113 0.056 SSC1 —SSC2 0.014 12.3 0.010 0.018 < 0.001
20 SSC2 0.126 0.056 SSC2 —SSC3 0.003 3.0 0.002 0.005 < 0.001
20 SSC3 0.130 0.057 SSC1 — SSC3 0.017 15.4 0.012 0.022 < 0.001
60 SSC1 0411 0.103 SSC1 — SSC2 0.018 4.3 0.011 0.025 < 0.001
60 SSC2 0.429 0.101 SSC2 — SSC3 0.001 0.3 —0.003 0.005 0.573
60 SSC3 0.430 0.100 SSC1 — SSC3 0.019 4.5 0.008 0.029 0.001
100 SSC1 0.644 0.081 SSC1 — SSC2 - 0.029 —-4.6 —0.037 —0.022 < 0.001
100 SScC2 0.614 0.085 SSC2 — SSC3 —0.025 -39 —0.030 —0.021 < 0.001
100 SSC3 0.589 0.087 SSC1 — SSC3 —0.055 -85 —0.067 —0.043 < 0.001
Changes in Fpeak SSC2, by 10.6% (p < 0.001) from SSC2 to SSC3, and by

The results of the RM ANOVA showed differences in
Fpeax between consecutive SSCs for 20% activation (n=
22) [F(1.04,21.88) =34.69, p < 0.001]. Subsequent post
hoc analysis revealed that F ., increased from SSC1
to SSC2 (+ 10.1%, p < 0.001), from SSC2 to SSC3 (+
2.6%, p< 0.01), and from SSC1 to SSC3 (+ 12.7%, p<
0.001) (Fig. 2D, Table 1). Similar differences in Fpeak
were attained for 60% activation (n= 24) [F(1.05, 24.10)
=104.96, p < 0.001]. Pairwise comparisons indicated that
peak force increased by 19.7% (p < 0.001) from SSC1 to
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30.3% (p < 0.001) from SSC1 to SSC3 (Fig. 2E, Table 1).
Likewise, at 100% activation (n= 24) [F(1.01, 23.14)
=061.82, p< 0.001] analysis showed that F,, increased
from SSC1 to SSC2 by 12.7% (p < 0.001), from SSC2 to
SSC3 by 5.3% (p < 0.001), and from SSC1 to SSC3 by
18.0% (p < 0.001) (Fig. 2F, Table 1). Relative changes in
Feax depend on activation (p < 0.05) (see Fig. S1).

In general, across all activation levels tested, increases
in F, are larger (14%) from SSCI to SSC2 compared
to the smaller increase (6%) from SSC2 to SSC3 (Fig. 2
and Table 1).
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Table 2 Descriptive statistics and pairwise comparison of absolute
work of the entire SSC (Workgg) and shortening work (Workgy)
per cycle. For Workgyq at 100% activation, ANOVA did not indicate

a significant main effect. Consequently, no post hoc tests were per-

formed, and p-values are not reported

Activation (%) Cycle Descriptive statistics Comparison of  Pairwise comparison p-values
Differences of mean values 95% confidence
interval of the
difference
Mean SD Total Relative Lower Upper

Workggc (JFIFyx ALIL ;% 10%) (JFIFyx ALIL,y X 10°) (%)

20 SSC1 7.7 52 SSCl1 —SSC2 2.6 334 1.9 33 < 0.001
20 SSC2 10.3 5.8 SSC2 —SSC3 0.9 11.7 0.5 1.3 < 0.001
20 SSC3 11.2 6.0 SSC1 —SSC3 35 452 2.5 4.5 < 0.001
60 SSC1 424 189 SSC1—>SSC2 233 55.0 18.9 27.7 < 0.001
60 SSC2  65.7 259 SSC2—-SSC3 132 312 10.0 16.5 < 0.001
60 SSC3 789 314 SSC1 —SSC3 365 86.2 29.2 43.9 < 0.001
100 SSC1 1124 30.8 SSC1—>SSC2 41.6 37.0 325 50.7 < 0.001
100 SSC2  154.0 49.9 SSC2—SSC3 163 14.5 11.8 20.7 < 0.001
100 SSC3  170.3 58.8 SSC1 —SSC3 579 51.5 44.4 71.3 < 0.001
Workgyo (JFIFyx ALIL ;% 10%) (JFIFyx ALIL ., X 10°) (%)

20 SSC1 27.3 10.8 SSC1 —SSC2 2.8 10.3 2.0 3.6 < 0.001
20 SSC2  30.1 11.2  SSC2 —SSC3 0.8 3.0 0.5 1.2 < 0.001
20 SSC3 309 11.5 SSCI —SSC3 3.6 133 2.5 4.7 < 0.001
60 SSC1 913 18.3 SSC1 —SSC2 7.5 8.2 6.1 8.9 < 0.001
60 SSC2  98.8 17.8 SSC2 —SSC3 2.5 2.7 1.7 33 < 0.001
60 SSC3  101.3 174 SSC1 —SSC3  10.0 10.9 7.8 12.1 < 0.001
100 SSC1  146.1 13.0 SSCI1 —SSC2 2.0 1.4 — — —

100 SSC2  148.1 147 SSC2—-SSC3 -09 - 0.6 — — —

100 SSC3 1472 15.7 SSCI1 —SSC3 1.1 0.7 — — —

ChangesinF;,

At 20% activation, RM ANOVA revealed statistical differ-
ences (n=22) [F(1.06, 22.16) =52.30, p < 0.001], with an
increase of 15.4% (p < 0.001) in F;, from SSC1 to SSC3
(Fig. 2G, Table 1). At 60% activation (n= 24) [F(1.07,
24.69) =16.64, p< 0.001], a 4.5% increase in F;, (p<
0.01) was observed from SSC1 to SSC3 (Fig. 2H, Table 1).
Conversely, at 100% activation, multiple comparisons (n =
24) [F(1.03, 23.70) =89.50, p < 0.001] revealed an 8.5%
decrease in F;, from SSC1 to SSC3 (Fig. 21, Table 1).

Changes in work per cycle

For the 20% activation condition, Workgg increased
[F(1.10, 23.05) =51.31, p< 0.001] with each succes-
sive SSC. In particular, a 33% increase from SSCI to
SSC2 (dotted vs. dashed line in Fig. 3A, p< 0.001), a
12% increase from SSC2 to SSC3 (dashed vs. solid line
in Fig. 3A, p< 0.001), and a 45% increase from SSCI to

SSC3 (dotted vs. solid line in Fig. 3A, p< 0.001) were
observed. Similarly, Workgg increased with cycle number
for 60% activation [F(1.05, 24.16) =105.27, p< 0.001].
Consecutive cycling resulted in a 55% increase in Workggc
from SSC1 to SSC2 (dotted vs. dashed line in Fig. 3B,
p< 0.001), a 31% increase from SSC2 to SSC3 (dashed
vs. solid line in Fig. 3B, p< 0.001), and an 86% increase
from SSCI to SSC3 (dotted vs. solid line in Fig. 3B, p<
0.001). Finally, for 100% activation, Workggc increased
[F(1.01, 23.25) =81.02, p< 0.001], with a 37% increase
from SSCI1 to SSC2 (dotted vs. dashed line in Fig. 3C, p<
0.001), a 15% increase from SSC2 to SSC3 (dashed vs.
solid line in Fig. 3C, p< 0.001), and a 52% increase from
SSC1 to SSC3 (dotted vs. solid line in Fig. 3C, p < 0.001).

Workgyo increased by 13.3% (p < 0.001) from SSC1
to SSC3 at 20% activation [F(1.05, 22.02) =49.21, p<
0.001] and by 10.9% (p < 0.001) at 60% activation [F(1.05,
24.04) =97.13, p< 0.001]. In contrast, Workgy remained
unchanged across the three SSCs at 100% activation
[F(1.03, 23.58) =3.49, p= 0.073] (Table 2).
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Fig.2 Comparative analysis of force immediately before stretch onset
(Fonser)> Peak force at the end of stretching (F,,), and minimum force
at the end of shortening (F;,) across three consecutive stretch—short-
ening cycles (SSCs) at varying activation levels. The y-axis repre-
sents normalised force (F/F), while the x-axis indicates the numbers
of the three consecutive cycles (SSC1, SSC2, and SSC3). Each sub-
plot contains 24 individual data (except for 20% activation, where
only 22 fibres were analysed). The bold lines represent the mean val-
ues. Significance levels are indicated using asterisks: ***, denoting
p< 0.001; **, indicating p< 0.01; and n.s., indicating no significant
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differences. A The F, dataset for 20% activation, B the activation
level of 60%, and C the activation level of 100%. F,., datasets D
for 20% activation, E for 60% activation, and F for 100% activation.
Finally, the F,;, dataset for G 20% activation, H for 60% activation,
and I for 100% activation. Note the different scaling of each y-axis.
Fnse increases from SSC1 to SSC3 at 20% and 60% activation, while
no differences are present at 100% activation. F, increases from
cycle to cycle within each activation level tested. F; increases from
SSC1 to SSC3 at 20% and 60% activation while it decreases from
SSC1 to SSC3 at 100% activation
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Fig.3 Work loops of stretch—shortening cycles (SSCs) at vary-
ing activation levels. The y-axis represents normalised force (F/F),
while the x-axis indicates the normalised fibre length (L/L;). Each
subplot contains the force-length plots of three SSCs performed
during one continuous activation. The plots depict the mean values
from 24 fibres (except for the 20% activation, which includes only 22
fibres). Significance levels are indicated using asterisks: ***, denot-
ing p< 0.001; and n.s., indicating no significant differences. A The
force—length traces at the lowest activation level of 20%, including a
magnified view for detailed analysis. B The activation level of 60%

Discussion

In general, this study demonstrated that consecutive SSCs
with constant activation and an isometric hold phase
between SSCs led to increases in force and work param-
eters, thereby enhancing SSC performance. However, the
magnitude and direction of changes in individual force and
work parameters (Foyeis Fpears Fmins Workssc, and Workgy)
depend on the specific activation condition (Tables 1 and 2).
Of particular interest are the changes in F_ ., as they pri-
marily indicate changes in the number of bound cross-bridge
in the isometric steady-state phase after the completed SSC.
At maximum activation (100%), there was no increase in
F et and Workgyo, and a decrease in F;, was observed
from SSC1 to SSC3. Thus, the relative increase of 18%
in F, results solely from the eccentric phase (i.e. force
enhancement effects). At 60% activation, a relative increase
of 20% in F . from SSC1 to SSC3, together with a rela-
tive increase of 5% in F,;,, contributed to a relative increase
of 30% in Fe,. At 20% activation, we observed the high-
est relative increase in F . (29%) and a relative increase
in F;, (15%), with comparatively lower relative increases
in F, (13%). This suggests that at low activation levels,
changes in cross-bridge dynamics (e.g. increased number of
cross-bridges), rather than titin-associated (force enhance-

ment) effects during stretching, play a more dominant role

Length [L/L,]

Length [L/L,]

alongside the direction of reading the force-length traces (length-
ening phase and shortening phase). The area on which the absolute
amount of work for the entire SSC (Workgg) and the work during
the shortening phase of the SSC (Workgyg) is calculated, is marked
exemplarily for the first SSC. C The activation level of 100%. Note
the equally scaled y-axis across all plots. Overall work increases with
higher activation levels (A—C) due to calcium-dependent changes in
force production. Moreover, work per loop increases from cycle to
cycle at every activation level, showing accumulative effects during
one continuous activation period

in enhancing SSC performance across multiple cycles. At
maximal activation, where all available cross-bridges are
already bound, titin-associated effects appear to contribute
more significantly to higher F,., with increasing cycle num-
ber. This conclusion is also underpinned by the fact that
shortening forces do not change substantially at maximal
activation (Fig. 3C, 100% activation). Based on this, we
further speculate that an increase in force during shortening
may partly result from a rise in the number of cross-bridges
as cycle number increases. A corresponding trend is evident
in our data from lower activation levels (Fig. 3A & B, 20%
and 60% activation).

Comparison with literature

In general, changes in the force—time responses with increas-
ing numbers of SSCs have been reported for consecutive
SSCs with sustained activation (e.g. [3, 14, 44, 61]). In
experiments with cat soleus muscle, consecutive SSCs (no
delay) showed cumulative force depression effects, resulting
in progressively decreased forces at the end of each short-
ening phase (F,,;,) [61]. Hessel et al. [44] (no delay) and
Campbell and Moss [14] (0.1-s delay) reported a decrease in
peak force (F,.,) with increasing SSC numbers. In contrast,
Andersen et al. [5] demonstrated an almost 50% increase in
rat EDL peak stretch force during 5 consecutive eccentric
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contractions when the muscle was deactivated and passively
shortened in 5-s intervals between sequences; interestingly,
no increase in consecutive peak stretch force was found in
rat soleus muscle [5]. The results of this study showed an
increase in F,., and work during consecutive SSCs for all
activations tested (Tables 1 and 2), while F, ., and F;,
showed either increases or decreases depending on the acti-
vation level across consecutive SSCs. It is challenging to
compare these results with the existing literature since other
studies on repetitive SSCs have executed different proto-
cols. Most studies have primarily focused on changes in
force and initial stiffness during repetitive SSCs [13, 61],
often without incorporating sufficiently long isometric hold
phases between SSCs to allow force to return to a steady
state. Consequently, in other studies, only the first SSC starts
from an isometric steady state, while subsequent SSCs begin
immediately or briefly after shortening, e.g. from lower
force levels (see [3, 13, 44, 61]). Therefore, our F ., can-
not be directly compared, and the first SSC in the studies
by Campbell and Moss [13], Lee et al. [61], Altman et al.
[3], and Hessel et al. [44] must be excluded from compari-
sons due to the different starting conditions. Moreover, the
aforementioned studies have not quantitatively compared
Fonsers Fpeax> and Fyy, or their changes throughout consecu-
tive SSCs, although approximate data can be derived from
the figures in these studies. Despite these figures often rep-
resenting only exemplary data (n= 1), they illustrate trends
useful for comparison. In summary, our results align with
the literature showing that multiple SSCs can alter the force
response [3, 14, 44].

Fonset and Fmin

A methodologically similar study, in which multiple SSCs
were performed starting from comparable isometric steady-
state forces, was conducted by Campbell and Moss [14].
These authors investigated how the duration of an isomet-
ric hold phase between two SSCs (and thus also the time
interval between two SSCs) affects the force response of a
contracting rat soleus single muscle fibre, which was con-
tinuously activated using seven different activation levels
(ranging from pCa 4.5 to pCa 6.5). Campbell and Moss
[14] reported no increase in F, ., for maximum activation
(pCa 4.5), which is consistent with our results (Table 1).
Furthermore, they found an increase in F ., for medium
activations (pCa 5.8 and 6.2) and sufficiently long isomet-
ric contractions between cycles, which is also in agreement
with our observations for 20% and 60% activation. The
increased F ., at medium activation could be a hint for
several phenomena, including residual force enhancement
[1], a higher rate of force redevelopment [4, 89], and/or an
increased number of attached cross-bridges before the start
of subsequent SSCs compared to the initial SSC [11]. Since

@ Springer

the number of unbound cross-bridges is greater during sub-
maximal contractions compared to maximal contractions
[25, 85], potentially more cross-bridges would be available
for additional binding induced by previous SSCs (for further
explanation, see section ‘Potential mechanisms of perfor-
mance enhancement’).

F;, showed a similar pattern to F_ ., across different
activation levels. Specifically, we observed an increase in
F i, during consecutive SSCs at 20% and 60% activation,
with increases of 15% and 5%, respectively, from SSC1 to
SSC3. In contrast, F,;, decreased by approximately 9%
at 100% activation over the same interval. These findings
are consistent with those of Lee et al. [61], who reported
progressively smaller minimum forces achieved after each
shortening phase in their triple SSC experiments on cat
soleus muscle at 100% activation. Since both F;, and F
increase at activation levels of 20% and 60% but show no
increase at 100% activation, it can be assumed that similar
underlying processes could be responsible for the develop-
ment of both force parameters over repeated cycles.

F peak

We found an increase in F., with repetitive SSCs. In gen-
eral, the results of Campbell and Moss [14] agree with our
data. For long isometric contractions that allowed the fibre
to reach a complete steady-state isometric force before the
SSC, Campbell and Moss ([14], their Fig. 10) reported an
increase in force at the end of the eccentric ramp from the
first to the second SSC, except for the lowest activation level
of about 10% (pCa 6.5). However, since Campbell and Moss
[14] used higher stretch velocities of 0.1 Ly/s (compared to
0.024 Ly/s in our study, which corresponds to 1% v,,,.), their
experiments exhibited a clear muscle give ([14], their Figs. 4
& 5). Muscle give refers to a velocity-dependent phenom-
enon where the muscle force decreases during the eccentric
phase due to the detachment of active cross-bridges [26,
103]. After an initial force peak at the start of the eccentric
phase, muscle give leads to a loss of force, which manifests
as a negative slope or force drop during further stretching.
However, due to the slow SSC velocity tested (1% v,,,),
this is not observed in our results (Fig. 1). As muscle give is
induced by the detachment of active cross-bridges [26, 103],
this phenomenon can affect force development and force
enhancement during the SSC, as well as the transfer of SSC
effects to subsequent cycles. This introduces challenges in
comparing results across studies. Another set of experiments
by Campbell and Moss [13], conducted at stretch velocities
of 0.09 Ly/s on permeabilised rat psoas fibres, included an
isometric hold phase of 0.1 s between multiple SSCs. Their
Fig. 1 also shows an increase in F,,, between the second
and third SSC.
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In concerning studies involving consecutive SSCs with-
out delay between cycles, experiments on cat soleus muscles
showed no change in F, with increasing cycle number
[61] and a reduction in peak force during multiple SSCs
in permeabilised mouse psoas fibres [44]. Since the latter
experiments were conducted at longer sarcomere lengths on
the descending limb of the force—length relation, there is
a reduced number of cross-bridges. If force enhancement
effects depend on the number of active cross-bridges [62,
03], the reported decrease in F,.,; could additionally be due
to a reduced contribution of force enhancement effects in
repetitive SSCs, resulting from initial activations at longer
muscle lengths on the descending limb of the force—length
relation.

SSC velocity might have an impact on our results. A key
study investigating the effects of contraction velocities dur-
ing repetitive cyclic contractions was performed by Altman
et al. [3] on maximally activated rabbit psoas fibres. They
reported that peak force increased from cycle to cycle during
slow SSC contractions (< 1 Hz cycling frequency), while it
decreased with repetitive cycling at higher frequencies (>
1 Hz). As our SSCs were performed at very slow cycling fre-
quencies (0.067 Hz), the results align with the observations
from Altman et al. [3]. Further, a previous study [98] dem-
onstrated that the SSC effect is velocity-dependent, showing
increased force peaks, higher work output, and lower force
minima at higher velocities. Based on these findings, it can
be hypothesised that increasing SSC velocities under similar
experimental conditions would amplify the effects on the
tested parameters. However, the potential impact of velocity
on consecutive SSCs remains speculative.

Work

We found a mean increase in Workgg from SSC1 to SSC3 of
about 61% across conditions (Table 2), which can be partly
explained by increases in F ., Fpeyo and F;,. The work-
loop method, introduced by Josephson [51], is often used
to analyse the work performed by muscles during repetitive
contractions. However, studies directly reporting muscle
work output over multiple SSCs with continuous activation
are sparse. Although there is no direct specification of work,
Campbell and Moss [13] suggested from their Figs. 2 and
3 that in experiments on rabbit psoas, there were minimal
changes in work per cycle. Their force-length curves for the
repetitive cycles are approximately identical, except for the
first cycle, which exhibits a clear muscle give compared to
the subsequent cycles. The increase in the force response
and performance from SSC to SSC depends on numerous
parameters. For example, low stretch velocities, sufficient
constant isometric activation between the SSCs, and work
over the plateau region of the force—length curve appear to
positively affect performance enhancement compared with

the previous cycle in experiments with continuous muscle
activation [5, 14]. Workgyo showed no significant change
over multiple SSCs at 100% activation. In contrast, Workgyq
increased significantly at both 20% and 60% activation. This
increase aligns with the changes observed in F . and F,,
indicating that SSC performance enhancing effects are more
pronounced in submaximal activations, where additional
cross-bridges can potentially be recruited with increasing
cycle number. However, further experiments that isolate the
role of titin and cross-bridges in different activation states
are necessary to better understand the complex interaction
of these individual factors. Specifically, experiments using
titin-modified muscle preparations (e.g. [93]) could help to
determine whether the potentiation effects at lower activa-
tion levels are primarily due to the recruitment of additional
cross-bridges or if titin itself plays a significant role in the
observed force enhancement.

Potential mechanisms of performance enhancement

Force generation in muscle fibres during repeated SSCs is
influenced by several structures whose properties change
depending on previous contractions [36, 39, 90]. These mod-
ifications could help explain the observed improvements in
performance.

Slow SSCs over the plateau region of the force-length
relationship are associated with positive cumulative effects
on muscle force [3], unlike the negative effects observed on
the descending limb [44]. These findings suggest that the
number of attached cross-bridges may affect the outcome
and impact of cumulative effects during multiple SSCs. With
the maximum number of available cross-bridges attached at
the force plateau for isometric contraction, additional (for-
mer unavailable) cross-bridges in an ‘OFF’ state may be
recruited into an ‘ON’ state during the stretching phase of
the SSC, contributing to increased force production after
the first SSC [31, 64]. Cross-bridge-based mechanisms can
potentially be responsible for the increase in Fy i, Fpeq> and
Fin- Muscle contractility depends not only on thin filament
(actin) activation (via calcium binding to troponin C) but
also on thick filament (myosin) activation [50, 64]. Myosin
heads exist in a spectrum between two states: the OFF state,
where they are docked against the thick filament backbone
and unable to bind to actin, and the ON state, where they
are free to interact with actin and generate force [41, 74].
Many authors described a ‘mechanosensing’ mechanism,
where the mechanical load experienced by myosin during
contraction facilitates the transition of more myosin heads
from the OFF state into the ON state. This process increases
the number of active cross-bridges (for a review, see [10]).
Other mechanisms (e.g. higher Ca** and ADP concentra-
tions, regulatory light chain phosphorylation) have also been
proposed to cause cross-bridges in the OFF state to shift into
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the ON state [20, 72, 74]. High eccentric forces not only
occur in actin and myosin but also in titin, where they trig-
ger a cascade of changes [76]. It is proposed that mechanical
load during contraction pulls on titin, which in turn interacts
with myosin-binding protein-C [10, 41, 42]. Myosin-binding
protein-C is thought to have a bridging function between
actin and myosin, with conformational changes induced by
titin pulling that may lead to a release of myosin heads from
the OFF to the ON state [10, 38, 41, 64], which might con-
tribute to an increased number of attached cross-bridges.

The high forces experienced by myosin and titin during
the first SSC could lead to an increase in the number of
cross-bridges in the ON state. The ON state could be main-
tained until the next SSC, as supported by data showing
optimised force redevelopment after a SSC [89, 99]. The
increased number of cross-bridges in the ON state would
then contribute to higher forces in subsequent muscle
actions. The increase in active cross-bridges causes addi-
tional stress on both myosin and titin, which could trigger a
feedback loop, promoting the transition of even more cross-
bridges into the ON state. Keeping the fibre activated, this
process may persist into subsequent SSCs, amplifying force
production with each cycle and contributing to the observed
increase in force across consecutive SSCs. An increased
number of active cross-bridges aligns with our observed
increases in Fo o Freaks Frnins and Workgyo at 20% and 60%
activations (see Tables 1 and 2).

In this context, one limitation of our study is the experi-
mental temperature of 12 °C, which was selected to main-
tain fibre stability during prolonged activations and active
lengthening. It has been shown that at this temperature, myo-
sin ON/OFF states may not be as dynamically regulated as
at physiological temperatures, with a greater proportion of
myosin heads remaining in the ON state [15, 16, 91]. This
could potentially influence cross-bridge cycling dynamics
and the role of thick filament activation in force produc-
tion. However, at 100% activation, the observed decrease in
Fin» along with the lack of increase in F ., and Workgy,
suggests that an increase in the number of attached cross-
bridges is unlikely at full muscle activation. Despite this,
an increase in F ., was still observed at 100% activation
(Table 1), indicating that another mechanism may contrib-
ute to transferring performance enhancements to subsequent
cycles.

While changes in force during consecutive SSCs can be
attributed to variations in cross-bridge number, it is impor-
tant to consider that cross-bridge kinetics also play a cru-
cial role. Even at maximal activation, where most available
cross-bridge sites are likely occupied, alterations in attach-
ment/detachment rates could still influence force production.
Additionally, force changes may not exclusively result from
cross-bridge behaviour but also stem from alterations in
force transmission within the sarcomere or the muscle fibre.
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Structural factors such as sarcomere compliance, filament
extensibility, variations in myofilament lattice, or stretched
intermyofilament bridge elements (e.g. titin, myosin-binding
protein-C) could influence how force is transmitted within
and between sarcomeres, thereby affecting the overall force
output [43].

Titin

The mechanism allowing to transfer performance enhance-
ment even at maximum activation states could be related to
the unique properties of titin. Supporting this idea, Altman
et al. [3] demonstrated that the increase in peak forces dur-
ing active muscle lengthening observed at slow contraction
velocities in intact fibres was also present after treatment
with a chemical cross-bridge inhibitor like Blebbistatin.
This, in turn, suggests that non-cross-bridge structures also
contribute to changes in force during consecutive SSCs.

Accumulating evidence suggests that the giant sarcomeric
protein titin is a Ca?*-sensitive, non-cross-bridge viscoe-
lastic element that functions as a tunable spring in active
muscle [24, 40, 63, 76, 95]. Numerous recent studies support
the hypothesis that titin’s N2A region is a signalling hub [76,
78]. Titin’s force generation is also modulated by calcium
binding, altering its stiffness [52, 59]. Furthermore, it is sup-
posed that titin binds to actin in the presence of Ca** [55],
and the proposed binding sites include the PEVK region
[67, 106] or areas in and around the N2A segment of titin
[24, 80].

Although there is no study on titin contribution to per-
formance enhancement during consecutive SSCs, the fol-
lowing studies suggested that an increase in titin stiffness
during activation might be possible. In this context, using a
Blebbistatin cross-bridge-block, Tomalka et al. [99] showed
that non-cross-bridge structures contributed to faster and
greater force redevelopment after a SSC compared with
pure shortening contractions. This optimised state for force
generation may also contribute to enhanced performance in a
subsequent cycle, particularly if the muscle or fibre remains
continuously activated. This effect could help explain the
observed increase in F,, across all levels of activation
tested. Alternatively, several post-translational modifica-
tions of titin could contribute to an acute increase in titin
stiffness during consecutive SSCs, enabling direct modula-
tions of titin forces. These modifications include calcium ion
binding and variations in Ca*" sensitivity [102], chaperone
binding [101], titin-actin interactions [106], and oxidation
[2, 35]. Furthermore, experimental studies have shown that
protein kinase phosphorylation [27, 45] can significantly
alter the stiffness of the PEVK and N2B (in the heart) or
N2A (in skeletal muscle) spring elements of titin. This ena-
bles a rapid adaptation of titin stiffness, which is crucial for
adjusting cardiac output in response to haemodynamic stress
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(Frank-Starling mechanism) or for accommodating acute
muscle actions such as eccentric contractions and SSCs
[45]. Additionally, a study by Miiller et al. [73] found a sig-
nificant increase in titin phosphorylation in skeletal muscle
after only 15 min of eccentric contractions on the vastus lat-
eralis of the mouse, which was accompanied by a significant
increase in titin stiffness. Similar results were reported by
Rose and Hargreaves [84], who observed increased phos-
phorylation rates in skeletal muscle within a few minutes
following acute exercise. Consequently, titin stiffness can
be dynamically and acutely modulated through various post-
translational modifications. Altered phosphorylation of the
N2A and PEVK regions leads to an increase in titin stiffness
[46], probably by strengthening intramolecular electrostatic
bonds [66]. These modifications can occur under various
physiological conditions (such as acute exercise loads within
a few minutes or even seconds in permeabilised muscle
preparations). Since the N2A and PEVK regions are also
anchor points for signalling proteins, these regions likely
have stretch-induced effects on the binding of signalling
molecules, thereby contributing to tension- and phospho-
rylation-dependent mechanosignalling [60]. An increase in
titin stiffness over several consecutive SSCs will induce an
increase in F., [83], which we were able to observe for all
activation levels.

Conclusion

This study demonstrated that when a muscle fibre remains
active during consecutive SSCs with an isometric hold phase
between cycles, both force production and mechanical work
increase in the subsequent SSCs. The performance enhance-
ments observed with each SSC may involve changes at both
the cross-bridge and non-cross-bridge levels. The level of
activation plays a key role in determining the contribution
of different mechanisms to performance enhancement, with
cross-bridge enhancements dominating at low to medium
activation levels, while titin-associated-stretch-enhancing
effects become more pronounced at high activation levels.
Although these findings align with existing literature, fur-
ther research is needed to clarify how factors such as stretch
velocity, stretch amplitude, muscle activation, and time
intervals between cycles influence these mechanisms and
their contribution to performance enhancement.
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